Introduction
============

Neuropathic pain is caused by dysfunction of the peripheral nerves or, less frequently, the central nervous system.[@b1-jpr-10-567] Neuropathic pain affects 7%--8% of the population,[@b2-jpr-10-567] and is one of the most difficult-to-treat chronic pain states because it often does not respond to conventional analgesic therapies.[@b3-jpr-10-567],[@b4-jpr-10-567] Non-steroidal anti-inflammatory drugs are generally not effective for neuropathic pain.[@b5-jpr-10-567] While opioids have demonstrated efficacy in clinical trials, they are not usually considered first-line therapy due to concerns regarding addiction and relatively poor adverse-effect profiles.[@b6-jpr-10-567] While antidepressants and anticonvulsants are mainstay pharmacologic treatments, even these drugs have limited efficacy.[@b7-jpr-10-567] Unfortunately, this maladaptive and unrelenting pain remains difficult to alleviate.

A previous report revealed significant changes in the response of rats to several forms of noxious stimulation, such as colorectal distention, on day 21 of gestation.[@b8-jpr-10-567] In addition, many animal studies suggest that pregnancy modulates the endogenous pain control system and decreases pain thresholds.[@b9-jpr-10-567]--[@b11-jpr-10-567] Some studies report that women experience a progressive increasing heat pain threshold during pregnancy,[@b12-jpr-10-567] whereas others have not observed this phenomenon.[@b13-jpr-10-567],[@b14-jpr-10-567] Pregnancy-induced protection mechanisms against neuropathic pain have not been explored.

The proinflammatory cytokine tumor necrosis factor (TNF)-α is implicated in the pathogenesis of peripheral neuropathy. Epineural application of TNF-α elicits acute mechanical hyperalgesia beginning 1--3 days post-injection.[@b15-jpr-10-567] TNF-α in the spinal dorsal horn regulates neuropathic pain induced by HIV-1 gp120 application in rats.[@b16-jpr-10-567] Expression of TNF-α increases in the dorsal horn after spinal cord injury.[@b17-jpr-10-567] Following chronic constriction injury (CCI), TNF-α increases in the dorsal horn.[@b18-jpr-10-567] It is unclear, however, whether the CCI-induced TNF-α secretion is altered during pregnancy.

Surprisingly, to our best knowledge, few published studies have addressed possible mechanisms of pregnancy-induced analgesia using molecular biology techniques. We hypothesized that pregnancy-induced analgesia reduces neuropathic pain by inhibiting TNF-α, which is produced from glial cells in the spinal dorsal horn. In this study, we examined the antinociceptive effect of pregnancy-induced analgesia in a rat model of CCI. We also analyzed the expression of some proteins associated with spinal glial activation in neuropathic animals by Western blot to assess their potential association with neuropathic pain. The aims of our study were to investigate the antinociceptive effect of pregnancy-induced analgesia in a neuropathic pain model and to measure the expression of TNF-α in the spinal dorsal horn just before delivery.

Materials and methods
=====================

Animals
-------

All experimental procedures and housing conditions were approved by the Animal Research Committee (approval number: 16142, March 24, 2016) institutional animal care guideline of Asahikawa Medical University were followed. The study was conducted in accordance with the ethical guidelines of the International Association for the Study of Pain.[@b19-jpr-10-567] Female Sprague Dawley rats (\~11 weeks old, 200--250 g) were housed 1--3 per cage for approximately 10 days before beginning the study. After mating or surgery, the rats were housed singly. Rats were maintained with free access to food and water under a 12:12 light/dark schedule at 22--24°C and 40%--60% humidity. Animals were first randomly assigned to one of four groups: pregnant CCI, non-pregnant CCI, pregnant sham, and non-pregnant sham, and then further randomly divided into two groups each for behavioral testing and tissue analysis.

Pregnancy model
---------------

The estrous cycle of the rats was monitored to determine the appropriate time for mating. For mating, one male and one female rat were placed into a cage. After mating, the rats were housed singly. The first day of mating in which a mucus plug was detected in the cage was designated as day 1 of pregnancy. CCI was performed on day 3 of pregnancy. All rats with a mucus plug were confirmed to be pregnant by either delivery or postmortem detection of a fetus in the uterus.

CCI model
---------

Neuropathic pain was modeled by CCI in rats. The CCI procedure was performed as previously described.[@b20-jpr-10-567] Rats were anesthetized by intraperitoneal injection of sodium pentobarbital (50 mg/kg). The common left sciatic nerve was exposed, and a 10--15 mm length of sciatic nerve proximal to the sciatic trifurcation was carefully dissected from the underlying tissue using blunt dissection through the biceps femoris. Four ligatures (4.0 braided silk)[@b21-jpr-10-567] were tied loosely around the nerve at 1 mm intervals.

In the sham group, an identical dissection procedure was performed in the left hindpaw, but the sciatic nerve was not ligated. All surgical procedures were performed under strict sterile conditions.

Mechanical threshold
--------------------

The mechanical threshold was determined using 10 calibrated von Frey filaments (Stoelting, Wood Dale, IL, USA) (0.4, 0.7, 1.2, 1.5, 2.0, 3.6, 5.5, 8.5, 11.8, and 15.1 g) applied serially to only the left hindpaw in ascending order of strength. Behavioral tests were performed (pregnant sham and CCI group, n=5; non-pregnant Sham group, n=6; non-pregnant CCI group, n=7) at several time points (4 days before mating: baseline threshold, on the day of mating, and 7, 14, 21, and 28 days after confirming pregnancy; [Figure 1](#f1-jpr-10-567){ref-type="fig"}). On the morning of the test day, the animals were placed in non-transparent plastic cubicles on a mesh floor for an acclimatization period of at least 30 minutes. A positive response was defined as rapid withdrawal and/or licking of the paw immediately upon application of the stimulus. Whenever a positive response to a stimulus occurred, the next smaller von Frey hair was applied, and whenever a negative response occurred, the next larger von Frey hair was applied. In the absence of a response at a pressure of 15.1 g, the animal's response was assigned this cutoff value. The mechanical threshold was determined according to the method described previously, with a tactile stimulus producing a 50% likelihood of withdrawal determined using the up-down method.[@b22-jpr-10-567]

Western blot
------------

The L4/5 dorsal spinal cord was harvested at day 21 of pregnancy for the pregnant groups and 18 days after surgery for the non-pregnant groups. After deeply anesthetizing the rats (n=3/group), we extracted the spinal cord and divided it into the left and right halves. We then divided the left half into the ventral and dorsal halves. We used only the left dorsal side for the assays. The left L4-5 spinal dorsal horn (ie, ipsilateral to CCI surgery) was rapidly removed, frozen on dry ice, and stored at −80°C. The tissues were homogenized in protein lysis buffer (150 mM sodium chloride, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, and 50 mM Tris, pH 8.0) containing protease inhibitors and phosphatase inhibitors (phosphatase inhibitor cocktails 1/2). The homogenate was centrifuged at 18,000 ×*g* for 20 minutes at 4°C. The supernatant was collected and assayed for protein concentration using the DC protein assay (Bio-Rad, Hercules, CA, USA). Aliquots containing 30 μg protein were dissolved in LaemmLi buffer and denatured at 95°C for 5 minutes; the proteins were separated by 10% Tris-glycine sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel and transferred to a polyvinylidene difluoride membrane. The membranes were blocked with 5% nonfat dry milk in phosphate-buffered saline and then incubated with primary antibodies overnight at 4°C, including rabbit anti-TNF-α (1:1000, Millipore Billerica, MA, USA), mouse anti-GFAP (1:5000, Sigma-Aldrich Co., St Louis, MO, USA), rabbit anti-Iba-1 (1:1000, Wako Pure Chemicals, Osaka, Japan), rabbit polyclonal anti c-Fos (1:1000, Santa Cruz Biotechnology, Dallas, TX, USA), and mouse anti-β-actin (1:5000, Sigma-Aldrich Co.). The blots were incubated with secondary antibodies (Santa Cruz Biotechnology) and developed in chemiluminescence solution (Pierce Biotechnology, Rockford, IL, USA). The Western blot results were quantified based on the obtained chemiluminescence values. Target protein bands were normalized to the amount of β-actin.

Enzyme-linked immunosorbent assay
---------------------------------

Serum TNF-α concentrations were assessed by a double antibody sandwich enzyme-linked immunosorbent assay using a Quantikine ELISA Kit from R&D Systems according to the manufacturer's instructions. Serum samples were diluted twofold with Calibrator Diluent RD5-17. The wells were read at 540 nm using Epoch2 (BioTek, Winooski, VT, USA). Each reaction was run in duplicate. The limit of sensitivity was \<12.5 pg/mL, and the limit of linearity was 800 pg/mL.

Data analysis and statistics
----------------------------

Statistical analysis was performed with GraphPad prism version 5 GraphPad Software (La Jolla, CA, USA). All values are expressed as mean ± standard error of the mean (SEM). The behavioral responses to von Frey stimulation, indicating mechanical sensitivity, were used to indicate the mechanical threshold. The mechanical threshold results were evaluated by Kruskal--Wallis and Dunn post hoc tests. *P*-values \< 0.05 were considered statistically significant. The sample size estimate was based on our previous studies.[@b23-jpr-10-567]--[@b25-jpr-10-567]

Data of the effects of pregnancy on neurochemical changes were compared among the four groups with one-way analysis of variance (ANOVA) using the Tukey or Dunnett's post hoc test.

Results
=======

Development of neuropathic pain symptoms
----------------------------------------

All rats with CCI of the sciatic nerve developed neuropathic pain symptoms as revealed by the von Frey test ([Figure 1](#f1-jpr-10-567){ref-type="fig"}). Tactile hypersensitivity, ie, a decrease in mechanical threshold, was observed following CCI from day 7 through day 28 in the non-pregnant rats. The mechanical threshold was significantly higher in pregnant CCI rats on day 21 of pregnancy compared with the non-pregnant CCI group (*P*=0.033). Comparison of the differences at individual time points among the four groups is shown in [Figure 1](#f1-jpr-10-567){ref-type="fig"}. The anti-allodynic effect of pregnancy disappeared on day 28.

Effect of pregnancy on TNF-α expression in the spinal dorsal horn
-----------------------------------------------------------------

Sciatic nerve CCI leads to neuropathic pain-induced increases in TNF-α expression in the spinal cord.[@b26-jpr-10-567] In the present study, we examined whether the increase in TNF-α expression induced by CCI-induced neuropathic pain was reduced during pregnancy.

TNF-α expression in the spinal dorsal horn was compared in the four groups using one-way ANOVA. TNF-α was significantly different among the four groups (F \[3,8\]=6.416, *P*=0.016). TNF-α expression was significantly higher in the non-pregnant CCI group compared with the non-pregnant sham group (*P*=0.046). TNF-α expression was significantly lower in the pregnant-CCI group compared with the non-pregnant CCI group. There was no difference between the pregnant sham and the non-pregnant sham (*P*=0.93; [Figure 2](#f2-jpr-10-567){ref-type="fig"}).

Expression of GFAP and Iba-1 was modulated by pregnancy
-------------------------------------------------------

Previous findings demonstrated that spinal astrocytes and microglia make important mechanistic contributions to the initiation and maintenance of neuropathic pain.[@b27-jpr-10-567] To examine whether nerve injury induced a glial reaction in the spinal dorsal horn, we observed changes in the expression of GFAP, a marker of reactive gliosis and proliferation of astrocytes, and Iba-1, a marker of microglia.

We used Western blot to quantify the differences in the GFAP levels in the spinal dorsal horn among the four groups ([Figure 3](#f3-jpr-10-567){ref-type="fig"}). GFAP levels differed significantly among the four groups (F \[3, 8\] =6.393, *P*=0.016). GFAP expression was significantly decreased in the pregnant CCI group compared to the non-pregnant CCI group (*P*=0.014).

The same trend was observed for Iba-1 ([Figure 4](#f4-jpr-10-567){ref-type="fig"}). Iba-1 levels were significantly different among the four groups (F \[3, 8\] =5.407, *P*=0.025). Iba-1 expression was significantly decreased in the pregnant CCI group compared to the non-pregnant CCI group (*P*=0.021).

Consistent with behavioral allodynia in the non-pregnant CCI group ([Figure 1](#f1-jpr-10-567){ref-type="fig"}) compared with the pregnant CCI group on day 21, an increase in GFAP and Iba-1 expression was observed in the spinal dorsal horn at the same time point. The CCI-induced increases were suppressed by pregnancy. GFAP and Iba-1 expression levels were not significantly different between the pregnant sham and the non-pregnant sham in GFAP (*P*=0.997) and Iba-1(*P*=0.973).

Expression of c-Fos in the spinal dorsal horn was reduced by pregnancy
----------------------------------------------------------------------

c-Fos is a commonly used molecular marker of enhanced neuronal activity in the pain neural pathway.[@b28-jpr-10-567] In this study, we investigated whether the expression of c-Fos protein in the spinal dorsal horn was decreased within 1 day before parturition in a rat model of CCI. C-Fos protein was measured using Western blot ([Figure 5](#f5-jpr-10-567){ref-type="fig"}). C-Fos levels were significantly different among the four groups (F \[3,8\]=5.965, *P*=0.019). The expression of c-Fos was decreased in the pregnant CCI group compared with the non-pregnant CCI group (*P*=0.018). There were no differences between the pregnant sham and the non-pregnant sham in c-Fos (*P*= 0.939).

Serum TNF-α levels
------------------

Although we attempted to measure serum TNF-α in the four groups on days 0 and 21, it was not detected (data not shown).

Discussion
==========

The findings of the present study demonstrated that pregnancy-induced analgesia suppresses neuropathic pain due to CCI in rats and decreases the expression of TNF-α in the spinal cord. The behavioral results indicated that the mechanical thresholds of pregnant rats and non-pregnant rats were approximately equal during the first 18 days after CCI surgery, but on day 21 after pregnancy, pregnant CCI rats exhibited anti-allodynia compared with the non-pregnant CCI rats. After delivery, the anti-allodynic effects of pregnancy disappeared. The findings also revealed that TNF-α expression in CCI rats was decreased within 1 day before parturition. Further, pregnancy decreased the CCI-induced increase expression of GFAP, Iba-1, and c-Fos in the spinal dorsal horn. There is no difference between non-pregnant sham to pregnant sham. I think that TNF-α, GFAP, and Iba-1, which were elevated by CCI, are reduced by pregnancy. TNF-α, GFAP, and Iba-1 do not decrease even if rats who do not have pain when become pregnant. Serum TNF-α was below the detection limits in all groups.

Pregnancy induces analgesia against somatic and visceral pain just before parturition.[@b8-jpr-10-567],[@b10-jpr-10-567] In laboratory animals, pregnancy-induced antinociception is due to the contribution of both peripheral[@b29-jpr-10-567] and central processes.[@b30-jpr-10-567] We focused on neuropathic pain because the effect of pregnancy on neuropathic pain is not clear. While some reports indicate that women experience a progressive increase in the heat pain threshold during pregnancy,[@b12-jpr-10-567] others do not.[@b13-jpr-10-567] These conflicting phenomena indicate that pregnancy does not induce analgesia in all individuals.[@b8-jpr-10-567] In general, gonadotropins gradually increase during pregnancy and decrease immediately after delivery.[@b31-jpr-10-567] In rats, pregnancy-induced analgesia is reported to peak abruptly on day 21.[@b10-jpr-10-567] Our findings also demonstrated an abrupt peak in pregnancy-induced analgesia on day 21. Gintzler reported that endogenous opioids are associated with pregnancy-induced analgesia.[@b10-jpr-10-567] For these reasons, we speculate that abrupt pregnancy-induced analgesia just prior to parturition was generated from not only gonadotropins, but also other endogenous substances, including endogenous opioids.

TNF-α is a pleiotropic cytokine produced mainly by activated macrophages and T cells in response to inflammation and by mast and Schwann cells in response to peripheral nerve injury.[@b26-jpr-10-567] The most common pathogenic mechanism of peripheral neuropathies is a pathway involving proinflammatory cytokines such as TNF-α that increase vascular permeability, causing a breakdown of the vascular wall, which permits leukocyte transmigration into the nerves.[@b32-jpr-10-567] This induces the activation and proliferation of lymphocytes and macrophages, which have direct neurotoxic activity, and further the release of cytokines such as TNF-α.[@b32-jpr-10-567] Evidence indicates that peripheral nerve damage or inflammation activates glia in the dorsal horn, which plays an important role in the pathogenesis of neuropathic pain.[@b33-jpr-10-567] After peripheral nerve injury or spinal cord injury,[@b17-jpr-10-567] TNF-α levels in spinal astrocytes are increased.[@b34-jpr-10-567] Previous studies demonstrated that overexpression of spinal TNF-α released from microglia and/or astrocytes plays an important role in the different neuropathic pain models.[@b35-jpr-10-567] Microglia are also an important therapeutic target for neuropathic pain.[@b36-jpr-10-567] Microglial membrane adaptor protein was recently reported to be involved in the development of neuropathic pain.[@b37-jpr-10-567] Microglia are related to the initiation of hypersensitivity and the transition from acute to chronic pain after peripheral nerve injury, working synergistically with monocytes.[@b38-jpr-10-567] The present study showed that GFAP and Iba-1 levels were also reduced when TNF-α release was suppressed. The activity of astrocytes and microglia might be inhibited by pregnancy, thereby reducing the secretion of TNF-α. Previous findings indicated that serum TNF-α is not detected in pregnant rats.[@b39-jpr-10-567] We also found that the serum TNF-α was below the detection limits in all groups, whereas TNF-α at the spinal dorsal horn was detected in all groups, and suppressed by pregnancy. These findings indicate that the decrease in TNF-α at the spinal dorsal horn plays an important role in pregnancy-induced analgesia.

As one of the immediate early genes, c-Fos and its protein product FOS are expressed in cells rapidly and transiently after various forms of stimulation.[@b40-jpr-10-567] Sensory input, especially nociceptive input, increases the expression of FOS.[@b28-jpr-10-567],[@b41-jpr-10-567],[@b42-jpr-10-567] This increase in FOS reflects postsynaptic excitation of dorsal horn neurons, which is mediated by primary afferent input (monosynaptic) or through the large dorsal horn interneuronal pools of glutamatergic neurons with excitatory linkages mediated by a variety of glutamate receptors, including those of the N-methyl-D-aspartate and α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid subtypes.[@b43-jpr-10-567] As mentioned above, these findings suggest that pregnancy reduces the excitation of neurons that exhibit c-Fos expression.

An effective treatment for neuropathic pain is in high demand. Understanding the underlying mechanism of pregnancy-induced analgesia could potentially elucidate new therapeutic targets to pursue. Research examining this possibility has revealed beneficial effects of 17b-estradiol on neuropathic pain and neuronal regeneration.[@b44-jpr-10-567] Moreover, Huang et al reported that anti-TNF-α therapy using a herpes simplex virus vector, or gene therapy, suppresses human immunodeficiency virus-related neuropathic pain.[@b45-jpr-10-567] These findings support the idea that treatment with gonadal hormones and TNF-α antagonist should be considered as a potential therapeutic target.

Conclusion
==========

In summary, pregnancy-induced analgesia suppresses neuropathic pain due to CCI in rats and decreases the expression of TNF-α in the spinal cord. Activities of astrocytes and microglia are suppressed during pregnancy. Suppression of neuronal activity in the spinal dorsal horn is critical for pregnancy-induced analgesia against neuropathic pain. Further research using an animal model of neuropathic pain during pregnancy may help to clarify the interaction between TNF-α and GFAP/Iba-l and gonadotropin, which could potentially lead to the development of novel treatments against human neuropathic pain.
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![The anti-allodynic effect of pregnancy in a rat model of CCI. Arrows indicate the time of pregnancy and surgery. The time-course of the anti-allodynic effects of pregnancy in rats with CCI. For comparison of the differences at individual time points between the four groups, we used Kruskal--Wallis and Dunn post hoc tests \**P*\<0.05 pregnant sham vs non-pregnant CCI. \*\**P*\<0.01 pregnant sham vs non-pregnant CCI. ^&^*P*\<0.05 non-pregnant sham vs non-pregnant CCI. ^&&^*P*\<0.01 non-pregnant sham vs non-pregnant CCI. ^\#^*P*\<0.05 pregnant CCI vs non-pregnant CCI. Separate groups of rats were used for the behavioral test and tissue analysis.\
**Abbreviation:** CCI, chronic constriction injury.](jpr-10-567Fig1){#f1-jpr-10-567}

![Expression of TNF-α in the L4-5 spinal dorsal horn mediated by pregnancy in a CCI model. The CCI surgical procedure increased the expression of TNF-α in the spinal dorsal horn of the non-pregnant CCI group compared with the non-pregnant sham groups. Expression of TNF-α was reduced in the pregnant CCI group compared with the non-pregnant CCI group. Data were analyzed using Dunnett's test, n=3.\
**Abbreviations:** CCI, chronic constriction injury; TNF, tumor necrosis factor.](jpr-10-567Fig2){#f2-jpr-10-567}

![Expression of GFAP in the L4-5 spinal dorsal horn mediated by pregnancy in a CCI model. The CCI surgical procedure increased the expression of GFAP in the spinal dorsal horn of the non-pregnant CCI group compared with the non-pregnant sham groups. Expression of GFAP was reduced in the pregnant CCI group compared with the non-pregnant CCI group. Data were analyzed using Dunnett's test, n=3/group.\
**Abbreviations:** CCI, chronic constriction injury; GFAP, glial fibrillary acidic protein.](jpr-10-567Fig3){#f3-jpr-10-567}

![Expression of Iba-1 in the L4-5 spinal dorsal horn mediated by pregnancy in a CCI model. The CCI surgical procedure increased the expression of Iba-1 in the spinal dorsal horn of the non-pregnant CCI group compared with the non-pregnant sham groups. Expression of Iba-1 was reduced in the pregnant CCI group compared with the non-pregnant CCI group. Data were analyzed using Dunnett's test, n=3/group.\
**Abbreviation:** CCI, chronic constriction injury.](jpr-10-567Fig4){#f4-jpr-10-567}

![Expression of c-Fos in the L4-5 spinal dorsal horn mediated by pregnancy in a CCI model. The CCI surgical procedure increased the expression of c-Fos in the spinal dorsal horn of the non-pregnant CCI group compared with the non-pregnant sham groups. Expression of Iba-1 was reduced in the pregnant CCI group compared with the non-pregnant CCI group. Data were analyzed using Dunnett's test, n=3/group.\
**Abbreviation:** CCI, chronic constriction injury.](jpr-10-567Fig5){#f5-jpr-10-567}
